Velocity and volume measurements of gas bubbles injected into liquid metals under laminar flow conditions (at the orifice) have been achieved. A novel experimental approach utilizing noises generated by bubbles was used to collect the necessary data. Argon gas was bubbled through tin, lead, and copper melts, and gas bubble formation frequencies (and hence bubble sizes) were determined. It was found that the bubble size generated for a particular orifice diameter was dependent upon the magnitudes of the orifice Froude and Weber numbers. Maximum formation frequencies increased slightly with decreasing orifice diameter, and the transition point from varying to constant frequency occurred at an orifice Weber number of approximately 0.44. Velocities of gas bubbles rising through the metals were greater than those previously reported for studies in which only one bubble was in the melt at any time. Effective drag coefficients of the rising bubbles were found to agree with data previously generated in aqueous systems.
GAS bubble-liquid metal interactions are important in numerous refining processes such as the deoxidation of copper, degassing of aluminum, and decarburization of high alloy and stainless steels. Submerged lets which produce large dispersions of small bubbles are used in the deoxidation of copper and steel decarburization. The basic action of the submerged jet in which large bubbles moving away from the orifice "explode" into many smaller bubbles after traveling a short distance has been qualitatively appreciated for quite some time, and the high specific interracial area of the gas-liquid dispersion is recognized as being responsible for the relatively high efficiencies of these processes. Much less violent conditions are mainrained in aluminum degassing operations where nitrogen or nitrogen-chlorine mixtures are introduced virtually as single bubbles.
In both types of systems many of the basic parameters have not yet been well defined. In single bubble processes these parameters include bubble size and residence time in the melt. With respect to jet phenomena, the residence time of the gas and the specific interracial area of the dispersion are very important in determining the efficiency of gas utilization, the extent of splashing, and the rate of refractory erosion.
Bubbles generate distinct noises as they break from a submerged orifice and burst the surface of the liquid. The break at the orifice consists of relatively low frequency noise components while the sound generated by bursting through the surface is relatively high frequency. Because of this difference, an acoustic technique has been developed which enables data on gas bubble formation frequency at a submerged orifice R. J. ANDREINI together with velocity measurements to be realized in molten metals. Parameters which influence the size of bubbles generated at orifices and bubble velocities under dynamic conditions (where the bubbles are formed continuously at an orifice) were determined. The acoustical technique developed provided a means for making comparisons of the bubble size and velocities with those obtained in other liquids under initially quiescent conditions (single bubble in the melt). Effective drag coefficients of the bubbles were also determined and examined as a function of bubble Reynolds number so that a comparison with previous work in aqueous systems could be achieved. The basic knowledge gained from this work should be of value in any system where gas bubbles are introduced into a liquid metal at an orifice.
REVIEW OF PREVIOUS INVESTIGATIONS Gas Bubble Formation-Orifice Studies
There have been several significant studies involving gas bubble formation behavior in aqueous systems. Van Krevelen and Hoftijzer ~ studied air-aqueous solution systems and found that the bubble size was independent of gas flow rate at orifice Reynolds numbers below about 100, but found a strong dependence over the range of 1000 to 5000. Leibson et al 2 and Davidson and Amick 3 have performed similar studies on these systems.
Hughes et al 4 have also studied the air-water system and found that the volume of gas in the chamber immediately behind the orifice strongly affects the formation of bubbles. At sufficiently large chamber volumes the bubbles formed under constant pressure conditions in contrast to the constant flow conditions obtained when smaller chamber volumes were utilized. Hayes et al 5 used a rather involved force balance which included a double regression of their data to model the results they obtained for the air-water system. The effect of the angle of inclination of the orifice (from 0 to 90 deg from the horizontal) was examined by Sullivan et al. 6 No effect was observed and they postulated that this independence may be due to the fact that the bubbles tended to form at the end of a gas "neck" that protruded from the orifice, in essentially the same manner as a bubble formed from a horizontal orifice.
The investigations referenced 4-6 were all performed under laminar flow conditions at the orifice, and it was found that as the gas flowrate was increased (and hence orifice Reynolds number) the volume of the bubble formed was initially independent of the flowrate. In this region the frequency of bubble formation increased. As the gas flow increased further, the frequency of bubble formation reached a maximum, and the volume of the bubble formed at the orifice significantly increased. All of the investigators postulated that the transition from the constant volume-increasing frequency to increasing volume-constant frequency regime was dependent on a net balance of buoyancydrag type forces and surface tension-gas momentum forces in the system. Numerous other investigators have postulated approaches to model their experimental findings, with various degrees of success. 7-'4 It is obvious from this prior work that the formation of bubbles at submerged orifices is a nontrivial modeling proble m.
In the only orifice study available involving liquid metals, Sano and Mori 1S examined the nitrogen-mercury and nitrogen-silver systems at 25 and 1000~ respectively utilizing a pressure transducer in the input gas line which detected pressure fluctuations as the bubbles detached from the submerged orifice located at a depth of 4.0 to 5.0 cm. A transition from varying to constant bubble formation frequency was observed in both systems.
The effect of chamber volume behind the orifice was also studied, and it appears that the bulk of their work was carried out under constant flow conditions. A model, based on the nonwettability of the orifice and utilizing the outer diameter of the orifice tip as the effective orifice diameter, was used to describe the experimental results obtained. Maximum bubble formation frequencies were observed to increase (only slightly) as the diameter of the orifices was decreased.
and shape of the bubbles, and a stopwatch technique was used to measure the velocities of the rising bubbles. The velocities of the bubbles rising in silver were determined by measuring pressure changes through the application of a manometer at the top of a closed melt. Paneni and Davenport 24 utilized highspeed photography to perform two-dimensional experiments on water and mercury held in thin plexiglas containers. They concluded that the dynamics of bubble rise are similar in both liquid metal and aqueous systems.
Both of the above studies involving liquid metals as well as the work of Uno and Kintner 22 have been performed under essentially static conditions, e.g., bubbles have been introduced by a dumping cup technique rather than a submerged orifice. To date no experiments have been conducted in a dynamic manner, so that the effect of orifice conditions has not been explored.
EXPERIMENTAL APPROACH Materials
Tin, lead, and copper were the metals studied, with all experiments conducted at 30~ superheat. The gas utilized throughout was argon. The metals were all of sufficient purity (99.98+), and Hi-Purity Grade (99.999) argon gas was utilized. Selection of these metals allowed substantial variation of liquid properties such as density, viscosity, and surface tension. The broad range of experimental temperatures also allowed for substantial changes in gas/liquid properties, such as the kinematic viscosity ratio.
Apparatus
The apparatus used in the experimental work is shown in Fig. 1 . The argon was metered with both coarse and fine control valves before passing into a constant temperature bath at 25 • I~ and through a flowmeter which was properly set to obtain the gas flow desired at the melt temperature (defines orifice Reynolds number at melt temperature). The gas was
Bubble Behavior in Liquids
The characteristics of gas bubbles in aqueous-type liquids have been studied extensively. Szekely and Themelis ~6 summarized the work of several investigators, ~7-zl and separated the behavior of gas bubbles in liquids according to the magnitudes of the bubble Reynolds and Weber numbers. Haberman and Morton 17 also investigated the drag of air bubbles rising in various liquids having a wide range of Morton numbers.
The effect of wall proximity has also been considered in characterizing the velocity-size relationship between bubbles, and it has been found that the bubble to container diameter ratio affects the velocity of a rising bubble . 22 Little work has been done involving gas bubble characterization in liquid metal systems. Davenport et al ~3 studied the behavior of spherical cap bubbles of nitrogen rising in mercury and silver. In mercury, a series of electronic probes were used to determine the size 625-VOLUME 8R, DECEMBER 1977 then passed through a solenoid valve (connected to a vacuum system) and into the furnace proper. The orifice delivery tube consisted of a 75 cm section of 1.5 cm ID 1.7 cm OD, fused quartz tubing with a 1.27 cm length of quartz capillary tip serving as the actual orifice. Precision-Bore tubing was used in all cases for the tip, and an end view was photographed to verify the accuracy of the orifice diameter. Orifice diameters from 0.015 to 0.100 cm were used. The orifice tip was such that it was set at a 30 deg angle from the horizontal, and calculations were made in the same manner as Hughes et al 4 to insure that the system operated under constant pressure (at the orifice) at all times. The calculations were verified by measurement.
The furnace proper consisted of a 7.6 cm ID, 5 kW Nichrome wound vertical tube furnace rated at 1200~ The melt was contained in a 6.35 cm ID mullite crucible and supported from the bottom by an alumina tube. The melt temperature was determined periodically utilizing a chromel-alumel thermocouple and it was found that the melts were controlled to +2~
A brass seal closed the system at the top and a dynamic type unidirectional microphone was installed to monitor the system noise. The configuration of the orifice in the melt was such that the distance from the orifice tip to the melt surface (under quiet conditions) was 15.00 + 0.05 cm. This required a melt volume of approximately 500 cm 3. The input gas was shown to always be convectively heated to the melt temperature before injection into the melt so that temperature effects on the incoming gas could be ignored. 25 '26 The signal received from the microphone was amplified and by operating the audio filter shown in Fig.  1 as a band pass filter in the range of approximately 125 to 250 Hz the oscilloscope sweep could be set so that it triggered each time a bubble broke from the orifice tip. The oscilloscope output was then used to trigger a digital counter and bubble formation frequency was read directly from the counter display.
Velocity data was obtained by setting the audio filter in the range of 4 or 5 to 10,000 Hz (dependent on experimental conditions) and utilizing the solenoid valve illustrated in Fig. 1 . Gas flow to the melt could be instantaneously stopped upon activation of the solenoid valve. With the scope triggering only on the high frequency input reported above and set on a 1 s calibrated sweep, the solenoid valve was activated at the beginning of a scope sweep. Residence times in the melt (and thus velocities) were obtained from the time interval defined by the initiation of the sweep until signals were no longer received by the oscilloscope, and were capable of being measured to • s. At least 20 individual measurements were obtained for each bubble formation frequency and residence time reported. In both cases, the filtered noise was monitored on a set of headphones, to insure that the proper signal was being received at the oscilloscope.
RESULTS AND DISCUSSION

Bubble Formation at Submerged Orifices
Volume of the bubbles formed at the orifices under various conditions were determined from the expression
where QT is the volumetric gas flow (cm 3 s -1) at temperature and F is the measured frequency of bubble formation (bubbles s-t). The bubble diameter is then calculated from the known bubble volume. Because no measure of bubble shape was obtained in this work the experimental result reported is an equivalent diameter based on spherical bubbles.
Bubble ported in previous aqueous solution work, 2-6 the frequency of bubble formation increased with orifice Reynolds number (and hence gas flowrate) up to some limiting value after which the frequency remained relatively constant. The maximum frequency increases slightly with decreasing orifice diameter.
It was found that the orifice Weber number, although varying up to a factor of 1400 for a particular orifice metal system, was approximately constant (varying only by a factor of 3) for all orifice-metal systems at the transition point from varying to constant frequency.
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This phenomena is illustrated in Fig. 5 . Thus, at the transition point, NWeo ~ 0.44 [2] Note: Refer to Definition of Symbols List for the identification of symbols used in the text.
Several important relationships observed experimentally may at least be qualitatively explained using Eq. [2] . The fact that the maximum bubble formation frequency increased slightly with decreasing orifice diameter may be explained. For a constant value of the orifice Weber number, as the orifice diameter is increased in a given gas-metal system (e.g., surface tension and gas density unaltered) the square of the gas velocity at the orifice must decrease. The Froude number at the orifice thus decreases significantly. For a given gas-metal system the maximum frequency observed decreases as the Froude number is reduced, thus one should expect to observe an inverse relationship between orifice diameter and maximum formation frequency. It was also observed experimentally that for a given gas-metal system the orifice Reynolds number at the transition point increased as the orifice diameter increased. As the diameter is increased the square of the orifice velocity must decrease proportionally. Since the increase influences the value of the Reynolds number more than the corresponding decrease in orifice velocity, an increase in the transitional Reynolds number should occur as the orifice diameter is increased.
In a manner again similar to aqueous work, in the region of varying frequency the volume of the bubbles generated at the orifice was found to be nearly constant in comparison to the region of constant frequency where significant increases in bubble volume were observed as the gas flow (and hence Reynolds number) was increased. It thus appears that significant changes in bubble size do not occur until the ratio of gas momentum to surface tension forces is approximately one-haLf. Below this point surface tension forces apparently dominate the bubble formation process, while the momentum of the incoming gas increases in significance above it. Plots of bubble volume as a function of formation frequency for the various metals are shown in Figs. 6 to 8.
Attempts to extrapolate the type of analysis presented above to aqueous system work proved unsuccessful. The data available from the works of Davidson and Amick, 3 Hayes et al, 5 and Sullivan et al s showed that the orifice Weber number varied from approximately 0.5 to 5.0 at the transition point. Application of the constant transitional Weber number hypothesis to predict the orifice Reynolds number at which transition should occur for the 0.015 cm diam orifice in copper, however, yielded a Reynolds number value of approximately 60. This is consistent with the remainder of the data shown in Fig. 4 .
Empirical regressions were utilized to determine the parameters that influence the size of bubbles formed at submerged orifices in liquid metals. The ratio of bubble to orifice diameter was regressed as a function of system parameters and the results obtained follow:
for tin, lead, and copper respectively.
[4]
At a 95 pct confidence interval there is no statistical difference of the coefficients reported above for the orifice Froude and Weber numbers. This strongly implies that the mode of bubble formation is the same in all metals studied, and is thus independent of the liquid density as well as the liquid and gas viscosities in the ranges defined by the work. The overall regression obtained for all the metals is: One important observation from these regressions is that the orifice Reynolds number is not significant with respect to predicting bubble sizes in molten metals. The Froude and Weber numbers alone adequately describe the phenomenon. Analysis of the overall regression obtained shows that bubble sizes generated in liquid metals are proportional to the orifice diameter, gas flowrate, liquid surface tension, and gas density to the 0.67, 0.23, 0.11, and-0.11 powers respectively.
The orifice Weber number is expected to be influential in determining bubble size if the "gas tip" phenomena described previously for aqueous systems is at least partially responsible for bubble growth in liquid metals. As the Weber number decreases, surface tension effects become more pronounced, and the "tip" should be "stable" for longer periods of time. Thus, at a constant Froude number value at the orifice, the bubble should remain at or near the orifice for an extended time and be larger than those formed under conditions of higher Weber numbers. At the same time, however, the Froude number really does not remain constant. It increases with gas flowrate and is a measure of the quantity of gas flowing into the forming bubble per unit time. Thus one would expect bubble size to increase as the Froude number at the orifice increases.
This section would not be complete without at least a brief mention of the probable bubble shapes generated in the study. Although from previous work the bubble shape during formation appears to be an open question, analysis of the characterization data generated in this work (based on bubble Reynolds and Weber numbers) indicates that the bulk of the bubbles probably possessed an oblate spheroidal shape as they rose through the melts. Spherical cap type bubbles were probably only generated from the 0.100 cm diam orifice used in the argon-lead work.
Gas Bubble Velocities Under Dynamic Conditions
Gas bubble velocity as a function of bubble size for all the data obtained is illustrated in Fig. 9 . Velocities were determined by the relation:
where h' is the adjusted (or effective) melt depth taking into account the instantaneous volume of gas present in the melt and t r is the residence time in the melt. The dashed line on Fig. 9 is from work of Uno and Kintner 2z on the air-water system and serves as a corrected plot of the effect of wall drag on a single bubble rising in a vessel of approximately the same diameter as the crucible used in the present study. This velocity size relationship has been fairly well documented by work involving liquid metals =3'24 and thus serves as a reference line with respect to gas bubble velocity as a function of size under static conditions (only one bubble in the melt at any single time).
Positive deviations of up to 30 pet from the data of Uno and Kintner were observed experimentally, and these deviations increase as the bubble size and formation frequency increase. For example, data from Fig. 9 illustrates good agreement between the measured velocities and those of Uno and Kintner at the extreme left of the plot. These correspond to small bubbles formed at relatively low frequencies. Larger bubble size and frequencies are observed in moving to the right in the figure and the positive deviations from Uno and Kintner's work significantly increases. This phenomena is believed to be caused by proximity and/ or wake effects of the bubbles (e.g., bubble-bubble interaction) as they rise under dynamic conditions, thus leading to an effective "draft" phenomena on bubbles rising in the liquid. Similar phenomena have been observed by Haberman and Morton ~7 as well as Napier 27 and deviations of up to 39 pct have been recorded for bubbles smaller than the ones generated in this study.
Empirical regressions relating bubble velocity to size and proximity were obtained. For velocity as a function of bubble size only, the expression v b = 29.69(db) TM cm s -~ [8] was found to best describe the data. Considering both bubble size and proximity, the relation v b = 27.88(db) ~176 (Sb) "~176 cm s -1 [9] was determined to be satisfactory. The bubble spacing, Sb, was taken as the center to center distance of the rising bubbles. The coefficients of determination for these regressions were 0.877 and 0.880 respectively, which indicates that a good fit was obtained in both cases.
As can be seen from Eq. [9] the velocity is observed to increase with increasing bubble size and decreasing bubble spacing, as it should if proximity or wake phenomenon significantly affect the bubble velocity. The only slight increase in the amount of data successfully described by the model (i.e., from 87.7 to 88.0 pct) is a reflection of the fact that the bubble spacing alone accounts for only 14.7 pct of the explained data, whereas the bubble diameter alone accounts for 93.6 pct of the data. Experimental scatter may account for this relatively weak dependency of bubble spacing.
It should also be noted that the bubble velocities reported here may be lower than the actual values, because no correction for bubble path (e.g., velocities reported are vertical velocities) was applied in generating the data presented. liquids and observed that the plot of drag coefficient vs Reynolds number in the spheroidal region was displaced downward and to the right as the Morton number of the liquid decreased. The dashed line in Fig. 10 is from the data of Haberman and Morton for a water solution. It was the liquid of lowest Morton number utilized in their work. As can be seen, the drag coefficients for bubbles moving in liquid metals (with typical Morton numbers of about 10-13), is displaced downward and to the right of the water data. Since the majority of the bubbles generated in this work were probably spheroidal, the results appear to be generally consistent with previous work involving drag on bubbles moving in liquids.
CONCLUSIONS
The following conclusions may be drawn from the data obtained from 0.5 to 1.5 cm diam gas bubbles injected into tin, lead, and copper melts: I) Predictions of bubble size based on empirical regressions cannot be extrapolated from aqueous work. The bubble diameter as a function of orifice conditions may be predicted from the orifice Froude and Weber numbers and the mode of bubble formation, although not specifically studied in this work, appears to be identical for all experimental combinations.
2) As in aqueous work, the frequency of bubble formation increases with flowrate to some limiting value. This value increases slightly as the orifice diameter decreases, and the transition point from varying to constant frequency occurs at an orifice Weber number of approximately 0.44. Below this value bubbles of essentially constant volume are formed in contrast to the rapid volume increases observed as the gas flowrate is increased beyond this point.
3) Velocities of gas bubbles formed under dynamic orifice conditions show positive deviations from the data collected from "static type" experiments, and the drag coefficients of bubbles rising in liquid metals agree well with data previously generated for aqueous type solutions. 
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